Abstract -Dynamic scheduling should take into account machine scheduling in that flexible manufacturing system can provide alternative processing routes to produce the same product. Dispatching rules (DRs) are the most prevalent approach in the dynamic scheduling system. Existing rule-based scheduling approaches seldom address the machine selection. Considering both job selection and machine selection, we present contract net based scheduling approach which works by means of interactive biddings. Using dispatching rules, we construct five contract net protocol rules (CNP-rules) within the heterarchical control architecture to solve job-shop dynamic scheduling problems. The experimental results of multiple CNPrules based scheduling approach are provided. Competitive results demonstrate that the CNP-rules not only yield evident improvements in the system performance, but also get better equipment utilization and load balancing level for the scheduling system.
I. INTRODUCTION
Production scheduling is critical for manufacturing system. Effective scheduling of the operations of a jobshop is a challenging problem for a variety of reasons. The problem is intrinsically complex because of the large number of processing alternatives one has to consider in selecting a "good" solution. Even the definition of what constitutes a good solution is clouded by the presence of multiple, often conflicting, criteria such as conforming to due-dates, increasing system throughput, and reducing work-in-process inventory. The problem is further complicated by the inherent uncertainty in the domain, requiring scheduling strategies that dynamically monitor and adjust operations in real time. The uncertainty may stem from various factors, including the unpredictability of machine breakdowns, variations in job processing times, job arrivals, and machine repair times, as well as sudden shifts in job priorities. Thus, a dynamic scheduling system is more suitable to production application than the static one. The main difference of the dynamic and static scheduling algorithms is that the dynamic one requires more robustness and rapid reactivity to the changing environment.
The Contract Net Protocol (CNP) is one of the techniques that resulted from research in Distributed Artificial Intelligence (DAI) to solve the problem of allocation tasks in a decentralized system [1] ~ [3] . It defines a bidding approach that enables task allocations among multiple agents. The CNP model consists of a set of nodes, representing the set of decision-makers, which negotiate with one another.
Shaw [1] employed the contract-net method for dynamic scheduling in cellular manufacturing systems. In his approach, the cell's control unit will make the decision regarding to which cell the job should visit next. Each job's route is determined through the negotiation between the cells. Shaw's experimental results indicated that the bidding scheme with EFT (earliest finishing time) outperformed the bidding scheme with SPT (shortest processing time). Saad A. et al. [8] presents a heterarchical scheduling using a production reservation approach based on the contract net protocol. Xue et al. [2] developed an intelligent optimal scheduling scheme that uses a constraint-based search mechanism to identify the best sequence to accomplish the required tasks, as well as timing parameter values, for example, the earliest and the latest task finish times.
The remainder of this paper is organized as follows. First, we describe the model of dynamic job-shop scheduling system and its performance evaluation criteria. Next, we introduce the scheme of interactive bidding scheduling within the heterarchical control architecture for CNP. Next, CNP based scheduling rules are presented. Finally, a computational comparison of the various solution approaches is provided followed by concluding remarks. products or jobs. The job-shop scheduling problem (JSP) may be described as follows: given n jobs, each composed of several operations that must be processed on m machines. Each operation uses one of the m machines for a period of duration. Each machine can process at most one operation at a time and once an operation initiates processing on a given machine it must complete processing on that machine without interruption.
In our research, the discrete event simulation methodology is applied. We assume that there are 9 different and non-parallel machines and 15 jobs within the simulation environment. Each job visits each machine once. The jobs arrive at machines, wait in the queue until the machine is available, are processed and sent to the next machine. The processing times and inter-arrival times are defined according to a uniform distribution varying between G 1 and G 2 . The due date DD i of a job i with release time r i and processing time p ij is determined as
where DD i , r i , m, k and p ij represent due date, arrival time, the number of operations, coefficient of tightness, and processing time of jth operation, respectively. The coefficient of tightness k is a number distributed over the interval from -1 to 4. This allows each job a multiple of its processing time to complete before it is due. Since k can take on negative values, we may have jobs that are already tardy when they become available. This is often the case in industrial situations where a job may be delayed in preceding stages of the manufacturing process.
III. SYSTEM PERFORMANCE MEASURE
The overall system objectives are to maximize resource utilization and minimize production time while respecting a variety of system constraints, such as the due dates and priorities of each job.
The tardiness of job i is:
where C i is the completed time of job i, DD i represents the duedate of i job. Tardiness is of positive value.
The average tardiness of finished jobs for the scheduling system is:
To describe the performance of machine utilities, we define the conceptions shown as the following ones:
Definition 1: Percentage of machine utilization, i.e. MU, is the ratio between the occupied time of machines and their available time through a given duration.
Definition 2: average percentage of machine utilization is shown in (4) .
Machine loading is concerned with allocating the operations and tooling resources among the machines in the system to accomplish the required production schedule. The objective in load balancing is to distribute the total workload on the production line as evenly as possible among the resources. Machine load balancing ratio is defined according to machine loading.
Definition 3: Load Balancing Ratio (LBR) for all the machines is as below.
where MU i is the percentage of machine i utilization. Average tardiness ( T ), Load Balancing Ratio (LBR) and Machine Utilization (MU) are selected as the performance criterion for measuring the efficiency and effectiveness of the scheduling system we presented here.
Generating optimal schedules for such job shop operations is known to be NP-hard; therefore, most practical schedulers resort to the use of heuristics to generate feasible schedules within given time constraints.
IV. HETERARCHICAL CONTROL ARCHITECTURES
Dilts et al. [11] defined control architecture as what makes a control system from control components, such as hardware (Machine controller, PC), software (Monitor, Executor, Scheduler programs), and hardware & software. Flexible Manufacturing System (FMS) control architecture embodies decision-making responsibilities: job scheduling, job routing and resource allocations.
The advanced manufacturing system is forcing a shift from mass production to mass customization, i.e., the ability to manufacture in small batches, even in lot sizes of one. To achieve this, it is becoming increasingly important to develop manufacturing control architectures that are modifiable, extensible, reconfigurable, adaptable, and fault tolerant [7] ~ [9] . Centralized control architectures have given way to hierarchical schemes, where higher levels of the hierarchy control the lower level via a master-slave relationship. However, to achieve even greater levels of reconfigurability and adaptability of, the newer manufacturing systems are adopting heterarchical control structures that are made up of multiple, distributed, locally autonomous entities, thus allowing a cooperative approach to global decision-making.
The advent of intelligent manufacturing cells, robots, and material handling systems, interconnected via computer networks, has made the implementation of the heterarchical control architectures a feasible task. Heterarchical control architecture allocates decision-making responsibilities to controller of machine, where each machine has its own controller (agent), as shown in Fig.1 .
Heterarchical architectures incorporate a number of distributed and autonomous production workcells that communicate with each other freely to cooperatively manufacture jobs or products. A popular scheme for achieving cooperation among autonomous entities is via a negotiation-based protocol, called the contract net protocol, using which individual workstations or cells negotiate with each other to devise the scheduling and routing of jobs in manufacturing process. Such a mechanism has the advantage of responding dynamically to changing product mixes and fluctuating customer demands on a multiple-product line. On the other hand, the controllers in this computational architecture being distributed, usually have no access to global information, and therefore, are likely to generate production schedules and routing sequences that are locally optimal.
V. INTERACTIVE BIDDING AS MEANS FOR SCHEDULING IN CNP

A. Contract Net Based Approaches
A contract net consists of a collection of nodes which together constitute the problem solver. Task execution is achieved through a contract between two or more of these nodes. When tasks are assigned to the problem solver, a task announcement is made. Through a bidding process, nodes dynamically assume either the role of a manager (responsible for monitoring task execution) or that of a contractor (responsible for actual task execution). The manager node identifies and announces a task to be done and criteria for bids. The bidding nodes send bids for the announced tasks to the manager. The bid satisfying the criteria is awarded and the bidder becomes the contractor node. However, a bidding node can accept or reject an award. By applying this paradigm to a multi-agent framework, agents negotiate task allocations via a bidding mechanism.
In an agent-based dynamic routing problem, agents are used to represent each resource (machine) and job. The job agent associated with a job will announce its requirements for the next operation to those resource agents that have the potential to perform that operation. The resource agents who receive the announcement message will respond with a bid message to the job agent. All the bids submitted for the job's next operation will be evaluated by the job agent based on a set of heuristics and then one resource will be selected and awarded a contract for performing the operation. The above bidding procedure is the core of the contract-net protocol. Bidding schemes based on the contract net protocol may differ in such aspects as the timing of message exchanges involving announcements and bid collection, information reported within the bid, and the rules used in bid evaluation.
The workcells (or machining stations) comprising the manufacturing process are modeled as autonomous agents that interact dynamically to generate a production scheduler for each product unit. The contract net protocol is used as the protocol for interaction among agents. All agents are assumed to be benevolent i.e., they cooperate with each other for the good of the overall system. The bidder agent can also shift its identities to be an awarder agent.
B. Interactive Bidding Schemes
The cooperative negotiation mechanism for generating and maintaining production schedules is developed as an interactive bidding process within a heterarchical control framework. Like previous work [8] [12] , cooperative negotiation is achieved as following:
1) Job-Centered Negotiation: this is machine-initiated bidding; machines make bids and compete with each other to strive for a job processing (shown in Fig. 2) . In making its bid, a machine attempts to optimize its own performance measures, such as keeping its utilization within a desired interval and making its buffer levels (commonly referred to as work-in-progress, in short, WIP) low. The job is awarded to the machine offering the highest bid. Machines use this scheme to bid for jobs and pull them through the manufacturing system.
2) Machine-Centered Negotiation: this is job-initiated bidding, i.e., job agents make bids to the machines comprising the manufacturing system (shown in Fig. 3 ). The targets of the bidding are the services or operations offered by the machines. A job's bid should reflect its own criteria for being processed, such as its due date and priority. The higher a job's bid, the more attractive and possible it should be for the machine to select the job for processing. In this scheme, jobs negotiate with the machines to push themselves through the manufacturing system.
In order to take into account job due date and machine performance, both bidding perspectives are merged. This corresponds to a pull-push approach (pull by machines, push by jobs) for production scheduling to achieve efficient and effective scheduling of the manufacturing processes. Our bidding scheme integrates both perspectives. 
VI. CONSTRUCTING THE CNP-RULES
A. Dispatching Rules
Dispatching rules (DRs) are the most common approach application for industry [3] ~ [6] . Use of dispatching rules is attractive because of their simplicity, low computation complexity and ease of implementation. A dispatching rule is concerned with selecting a job to be processed based on some criteria. It can realize the close-loop controlling of production process with one criterion. However, a dispatching rule often favors one performance measure only at the expense of other performance measures. Rule-based scheduling is of the typical dynamic controlling scheme.
Existing scheduling rules seldom address the machine selection. The often occurrence is that machine selection is based on random or on some given sequence. However, dynamic events, such as random job arrivals, machine breakdown/repair, and different cost of finishing the same operation with different machines, make machine selection critical for scheduling system in the case of heavy loading and tight duedate limit. These motivate us to use the dispatching rule for machine selection and construct several scheduling rules considering both the machine and job.
Before looking at our proposed CNP based rules, we list several conventional and famous dispatching rules first.
1) First Come, First Serve (FCFS):
Jobs are processed in the sequence in which they entered the shop.
Earliest Finish Time (EFT): it gives the highest priority to the job with the earliest finish time.
2) Critical Ratio (CR): the slack time is the time left from current time to the due date, and the critical ratio is obtained by dividing the slack time by the remaining processing time. This value is usually used to indicate the degree of urgency of a job. CR then gives the highest priority to the job with the smallest critical ratio.
3) Earliest Due Date (EDD): it gives the highest priority to the job with the earliest due date.
4) Shortest Processing Time (SPT):
jobs are sequenced in increasing order of their processing times. The job with the shortest processing time is first; the job with the next shortest processing time is second, and so on.
B. CNP-rule
With the increasing use of multipurpose machining centres in job shops, the scheduling problem can no longer neglect multiple job-routes. Existing scheduling approaches seldom address flexibility in job routes and the aim of this paper is to demonstrate that significant improvements to the scheduling performance of dispatching rules can be achieved easily through the use of simple machine selection rules.
We construct 5 new two-step scheduling rules based on interactive bidding, named as contract net protocol rule (CNP-rule). We call them CNP-CR, CNP-FCFS, CNP-EFT, CNP-EDD and CNP-SPT, respectively.
1) CNP-CR:
In the first step, the scheduling system implements machine-centered negotiation, in which machine agent selects the job agent with the smallest CR (critical ratio) value.(i.e. according to CR rule) Then the job is entailed to the machine with the earliest finish time(EFT) to finish its operation on this machine.
2) CNP-FCFS: In the step of the machine-centered negotiation, decision agent first select a job which first come to the scheduling system(i.e. according to FCFS rule), then the machine which may finish its operation with EFT has the highest priority rating for selection.
3) CNP-EFT: In the job-centered negotiation, the machine with the earliest available time is selected at first (i.e. according to machine-oriented FCFS rule). This strategy is mainly to reduce machine's idle time and improve the performance of scheduling system. At the second step, the bidder job with EFT on the selected machine is scheduled among the available jobs.
4) CNP-EDD:
Decision agent first select a machine according to machine-oriented FCFS rule, then the job with earliest due date (EDD) is awarded to the selected machine for the process.
5) CNP-SPT:
At first step, a machine is selected to work according to machine-oriented FCFS rule. Then the bidder job with shortest processing time (SPT) on the selected machine is awarded for the process.
Significant improvements to the scheduling performance can be achieved through the use of simple machine selection rules. Five such CNP rules are proposed in this paper and their effectiveness is evaluated through our study of a dynamic job-shop scheduling.
VII. EXPERIMENTAL RESULTS
Compared with the simulation example provided by Aydin et al. [10] , our scheduling problem has more calculation complexity than theirs. The problem is to organize the execution of 15 jobs on 9 different machines. The processing time and inter-arrival time are the number distributed uniformly over the interval from 2 to 9.
We use the job shop scheduling model described above as a testbed to empirically compare the CNP-rule scheduling approach with DRs that have traditionally been used in such manufacturing environments. The data of Table I are obtained by different scheduling approaches when k equals 1 in (4). In Table I , we compare various performance measures between the DRs approach and CNP-rules approach. It shows that CNP-rules can achieve significant improvements to the scheduling performance contrast with traditional DRs. We also list the results of scheduling with rules random-combined and CNP-Rules random-combined, respectively. So the general differences of performance of these two approaches are shown. Average percentage of machine utilization and load balancing ratio of CNP-rules scheduling can be increased through the phase of machines bidding for the job. Fig. 4 and 5 illustrate the Gantt diagrams of results of the EFT and the CNP-EFT scheduling, respectively. From Fig. 4 and 5, we notice that the operations with less processing time are always preferential to be processed. The DRs and CNPrules are schedulers of greedy selection strategy. So their solutions may be locally optimal. An alternative approach for overcoming above difficulty is to combine local optimization by our approach with the asynchronous global combinational optimization by genetic algorithm.
VIII. CONCLUSIONS
Due to complexity in the manufacturing system, most applicable scheduling system is based on rules scheduling. We present a CNP based scheduling scheme for dynamic scheduling system through interactive bidding process. Our main idea is to schedule the machine to maximize machine utilization and enhance the scheduling performance. This study not only investigates the main effects of DRs application to machine scheduling, but also enriches DRs in the framework of contract net protocol. CNP-rule approach is of low computation complexities. It is more suitable for CNPrules application to engineering practice than some existing scheduler using intelligence algorithms. The representation by a multi-agent system using a contract net is a close vision of the reality that can be easily translated into an industrial organization. 
